A thermostable pullulanase (at-dextrin 6-glucanohydrolase [EC 3.2.1.41]) from a newly isolated Bacillus stearothermophilus strain (TRS128) was purified and characterized. The enzyme hydrolyzed (1-*6)-&-Dglucosidic linkages of pullulan to produce maltotriose, and the optimum temperature was 65°C. About 90% of the enzyme activity was retained after treatment at 65°C for 60 min. By using pTB522 as a vector plasmid, the pullulanase gene was cloned and expressed in Bacillus subtilis.
In a previous paper (9), we described the molecular cloning of the gene for a new type of pullulan-hydrolyzing enzyme from Bacillus stearothermophilus; the enzyme was designated neopullulanase. (2), thermolabile enzymes have been isolated from many mesophiles. The pullulanase from Klebsiella (Aerobacter) aerogenes was purified (4) , and many research groups were involved in analyzing the enzyme (7, 10, 15) . Although some highly thermostable pullulanases have been reported (5, 12, 13) , it has been difficult to completely purify the enzymes.
For easy and complete purification of thermostable pullulanase, we isolated a thermophilic bacterium which seemed to secrete pullulanase and no other amylolytic enzymes, such as amylase, o-glucosidase, and glucoamylase. By using iodine reagent (1) , 188 strains of amylase-negative thermophilic bacteria were isolated on SLL agar at 60°C from samples of compost or soil. SLL agar contained soluble starch (5 g/liter) instead of pullulan in PLL agar (9) . These strains were individually incubated overnight in LS broth (9) at 60°C. After centrifugation, the culture supernatants were used for the study of extracellular pullulanase. 6-0-a-maltosyl-p-cyclodextrin (6-0-ot-maltyosyl-,B-CD) (0.5%) was used as the substrate for the enzyme reaction (60°C), and the sugar composition of the products was analyzed by thinlayer chromatography (8) . The enzyme samples prepared from 18 bacterial strains could hydrolyze 6-O-ot-maltosyl-3-CD to produce maltose, P-CD and small amounts of glucose and other oligosaccharides. One sample, obtained from strain TRS128, produced only maltose and p-CD. These results revealed that the strain secreted a debranching enzyme (i.e., pullulanase or isoamylase) but not a-glucosidase and glucoamylase. Strain TRS128 was incubated on PLL agar at 60°C overnight, and a clear halo was formed after ethanol was poured onto the plate. This fact indicated that the strain produced a pullulan-hydrolyzing enzyme (11) . After the cultivation of strain TRS128 in LS broth, the * Corresponding author.
culture supernatant was treated with ammonium sulfate (35 to 55% saturation), and the crude enzyme fraction was used for the analysis of reaction products from pullulan. Only one major product, identified as maltotriose (9), was detected by paper chromatography (Fig. 1) . A spot corresponding to maltohexaose was also detected (Fig. 1) , and this minor product is most likely a result of partial hydrolysis of pullulan. Therefore, it was concluded that the enzyme was a pullulanase.
The biological characteristics of strain TRS128 were tested by the procedures described in Bergey's Manual of Systematic Bacteriology (14) . Strain TRS128 was a strictly aerobic, gram-and catalase-positive, endospore-forming bacillus. The pullulanase was stable in the range of pH 6.0 to 8.5 (Fig. 3A) , and the optimum pH for enzyme activity was 6.0 (Fig. 3B) .
When EDTA at a final concentration of 10 mM was added to the reaction mixture, the relative pullulanase activity was 57% of the original activity. However, the enzyme thermostability was not affected (data not shown). pressed in B. subtilis NA-1 (arg-J5 hsdR hsdM Amy-Npr-) (9) by the procedure described previously (9) . The recombinant plasmid pTP1 contained a 2.7-megadalton foreign HindIII fragment. The extracellular pullulanase activity of Bacillus subtilis NA-1 carrying pTP1 was comparable to that of the original strain, B. stearothermophilus TRS128 ( Table  2) . It was reported previously that Thermoanaerobium strain Tok6-B1 pullulanase was active on the (1--6)-Ot-D-glucosidic linkages of pullulan, amylopectin, and glycogen and on the (1-*4)-a-D-glucosidic linkages of amylose, amylopectin, and glycogen but not on those of pullulan (12) . The gene for a similar thermostable debranching enzyme from Thermoanaerobium brockii has been cloned (3). In this context, hydrolysis of pullulan, amylopectin, and amylose by B. stearothermophilus strain TRS128 pullulanase was examined. The pullulanase could cleave (1--6)-a-D-glucosidic linkages of pullulan and amylopectin but not (1--4)-a-Dglucosidic linkages of amylose, amylopectin, and pullulan. The substrate specificity of the enzyme indicates that the pullulanase described in this paper is a typical pullulanase, like the enzyme of K. aerogenes (15) .
The specific activity (49.6 U/mg of protein) of the purified thermostable pullulanase described in this paper was higher than that reported for the purified mesophilic enzyme from K. aerogenes (31.0 U/mg of protein) (10) on the basis of the same enzyme assay procedure. The molecular weight (83,000) of the thermostable pullulanase was smaller than that of a thermolabile enzyme from K. aerogenes, which has been estimated to be 143,000 (4) or 117,000 (7) . When the enzyme activity was evaluated on a molar basis, both the thermostable and thermolabile enzymes exhibited nearly the same specific activity.
